Background: In vitro and in vivo studies have demonstrated the role of the acid sphingomyelinase (ASM) in pathophysiological processes and alterations in response to ethanol exposure. Cellular and plasmatic ASM activities are increased in male alcohol dependent patients and decrease during physical withdrawal. Methods: Here, we analyzed the time course of ASM in male and also female acutely intoxicated patients during alcohol withdrawal and compared the activity levels to those under long-term maintenance treatment. Craving and further psychometric parameters were assessed by questionnaires. Results: The gradual decrease of serum ASM was confirmed in males (p<0.001) and continued to lower activities in long-term patients (p=0.001). The trend was similar in females (p=0.178), although the initial enzyme activities were significantly lower (p=0.035). ASM activity strongly correlated with the body mass index in males. The initial ASM activity and its decline during the first two days were associated with the improvement in scores for the Beck depression inventory, the obsessive compulsive drinking and the withdrawal syndrome scales. Conclusion: These data support the potential of ASM as a biomarker for the course of withdrawal therapy in males and provide the first associations of this enzyme with psychological variables such as craving and depression.
Sex

Introduction
The harmful use of alcohol is associated with a variety of physiological changes and neuropsychiatric symptoms that considerably impact individual quality of life, mortality, and detrimentally affect society. In view of the high prevalence of alcohol use disorders and the increase in the frequency of hazardous and harmful drinking patterns (e.g., intoxication among adolescents and young adults [1, 2] ), there is an urgent need for improvement of preventive and therapeutic actions.
Changes in the lipid metabolism have been implicated in a variety of diseases including those associated with acute or chronic alcohol consumption [3] . The enzymes of the sphingolipid metabolism play a crucial role in maintaining the balance between bioactive lipids (e.g., the proapoptotic ceramide and the anti-apoptotic sphingosine-1-phosphate, known as the "rheostat" [4, 5] ), and thereby control diverse cellular processes including proliferation, differentiation, growth arrest and apoptosis [6] . Among these enzymes, the glycoprotein acid sphingomyelinase (ASM, EC 3.1.4.12) catalyzes the hydrolysis of the major eukaryotic membrane constituent sphingomyelin to yield phosphorylcholine and ceramide which can be further degraded to sphingosine. A lysosomal form of the enzyme (L-ASM) is widely distributed in mammalian tissues [7] and is encoded by the same gene SMPD1 as a Zn
2+
-dependent secretory isoform (S-ASM) [8] that can be found in human plasma and serum.
A number of in vitro and in vivo animal studies have suggested an influence of ethanol on the sphingomyelinase/ceramide system. A dose-dependent activation of neutral sphingomyelinase and a decrease in sphingomyelin content was observed in liver cells [9] . Ethanol treatment of astrocytes was associated with the stimulation of neutral and acid sphingomyelinase, ceramide generation and the subsequent activation of signaling pathways implicated in cell death [10] . Both ceramide concentrations and apoptosis rate were decreased by simultaneous addition of the functional ASM inhibitor desipramine [10] . Ethanol-induced ceramide accumulation was also observed in primary rat neurons, human and mouse neuroblastoma cells [11] . In a murine model of alcohol-enhanced lipopolysaccharide hepatotoxicity, ASM activity was increased and associated with an elevated ceramide content in tissues [12] . Another ASM inhibitor, imipramine, blocked the ethanol-induced ASM activation and ceramide generation and resulted in amelioration of hepatic steatosis in ethanol-fed mice [13] . A comparison of ASM(+/+) with ASM(-/-) mice has revealed that ASM is required for chronic alcohol induced hepatic endoplasmatic reticulum stress, liver injury and sensitization to lipopolysaccharide [14] .
There are, however, few human studies relating ASM and alcoholism. Liver biopsies from patients with alcoholic hepatitis exhibited 2-3-fold higher expression levels of ASM and endoplasmatic reticulum stress markers at the mRNA level than samples from control subjects [14] . We have previously observed an altered peripheral ASM activity in alcohol dependent patients: L-ASM levels were increased in acutely intoxicated individuals' blood mononuclear cells and decreased during withdrawal [15] . Similarly, the activity of plasmatic S-ASM dropped remarkably by about 50% from day 0 to day 10 of physical withdrawal to levels that were still above those of healthy controls [16] . In the search for peripheral biomarkers as surrogates for central physiological as well as psychological changes, the activity of S-ASM would thus be a promising candidate. However, these data were obtained only in male patients that constitute the majority of alcohol addicts, and no psychological data were assessed from this group.
In this report, we confirm the previously observed decrease of S-ASM activity in male patients during alcohol withdrawal therapy and extend these results to females that show a slightly different pattern. Furthermore we provide the first data for associations of S-ASM activities with psychometric variables. 
Materials and Methods
Patient recruitment
Patients were recruited as part of the Franconian Alcoholism Research Study (FARS-IV) at the University of Erlangen-Nuremberg during the years 2009/2010 according to the protocol established in previous studies [17] . They had not previously taken part in this group of studies. Recruitment took place at two locations: the Department of Psychiatry and Psychotherapy of the University Hospital Erlangen (n = 14) and the Frankenalb Clinic for Psychiatry, Psychotherapy and Psychosomatic Medicine in Engelthal (n = 42). The study was approved by the local ethics committee under number 3926. All participants gave informed written consent in accordance with the Declaration of Helsinki after thorough explanation of the study and were diagnosed with alcohol dependence according to the Diagnostic and Statistical Manual of Mental Disorders (Fourth Edition) and the International Classification of Diseases (Tenth Revision). Subjects were between 24 and 74 years of age, of Caucasian-white ethnicity, and seen either as inpatients for detoxification treatment during the first 7 days ("acute", n = 29) or during their inpatient dehabituation therapy ("longterm", n = 27, Table 1 ). Study characteristics (Table 1) including medical history were obtained using a semistructured interview. The patient cohort is considered representative since nearly all patients who were asked for participation without prior selection and who had not started withdrawal therapy yet agreed to take part in the study. Patients' total alcohol consumption was calculated from the self-reported consumed volume of beer (40 g/L), wine (80 g/L) and spirits (300 g/L). Blood was collected into ethylene diamine tetraacetate or serum vials (Sarstedt), respectively, from nonfasting patients at the day of admission ("day 0"), during early abstinence (on "day 2") and at the end of physical withdrawal at day 7-10 ("day 7") between 8 and 10 a.m. or during the morning from nonfasting patients on the maintenance program. Samples were centrifuged within two hours and plasma/serum aliquots were stored at -80°C until further use.
Psychometric assessment
On each study day, participants additionally took several psychometric questionnaires. The Withdrawal Syndrome Scale for Alcohol and Related Psychoactive Drugs (WSA, [18] ) comprises a set of typical withdrawal symptoms subdivided into somatic symptoms (pulse rate, blood pressure, temperature, breathing rate, sweating and tremor) and mental symptoms (agitation, contact, orientation, hallucinations and anxiety). Alcohol craving was measured using the Obsessive Compulsive Drinking Scale (OCDS) as a well-validated and reliable 14-item self-rating instrument that provides two subscale scores for a number of cognitive aspects of alcohol craving [19, 20] , and the Lübecker Craving Survey (LCF, [21] ) with six questions. Moreover a visual analogue scale for alcohol craving (VAS) was applied where patients indicate their current level of craving by a mark along a line connecting two anchor statements: strong vs. no craving. The degree of physical dependence to smoking tobacco was measured by the Fagerström Test for Nicotine Dependence (FTND) and comprised of six questions [22] [23] [24] . The Beck Depression Inventory (BDI, [25, 26] ), a 21-question multiple-choice self-report inventory, was applied to assess the severity of depression. The Global Assessment of Functioning scale (GAF, [27, 28] ) -a scale that integrates three different dimensions of functioning including psychological, social and occupational -was used to rate the patient's severity of [29, 30] ) using a 1-7 Likert scale.
Enzyme activity assay
The activity of S-ASM in serum and plasma was determined using the fluorescent substrate BODIPY-FL-C12-sphingomyelin (N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-dodecanoyl) sphingosyl phosphocholine, D-7711, Invitrogen) with three replicates each as previously described [31] . Briefly, the reaction containing 116 pmol substrate in a total volume of 100 µl 200 mM sodium acetate buffer (pH 5.0) with 500 mM NaCl, 0.2% Nonidet P-40 detergent and 500 µM ZnCl 2 was initiated by the addition of a 1.5 µl sample. After incubation for 24 h at 37°C, reactions were halted by freezing the mix at -20°C; the reactions were then stored until further processing. Next, lipids were extracted with 250 µl chloroform:methanol (2:1, v/v). The lower organic phase was then concentrated in a SpeedVac centrifuge (Christ Alpha 1-4), dissolved in 2 µl chloroform:methanol (2:1, v/v) and spotted on silica gel 60 thin layer chromatography plates (Macherey-Nagel, 805034). Ceramide and uncleaved sphingomyelin were separated using a mixture of chloroform:methanol (80:20, v/v) as a solvent and were quantified on a Typhoon Trio scanner (GE Healthcare; 488 nm excitation, 520 nm emission, 285 V, 100 µm resolution) with the QuantityOne software (Bio-Rad Laboratories). Enzymatic activity is presented as the hydrolysis rate of sphingomyelin (fmol) per time (h) and per sample volume (µl).
Conversion of plasma to serum S-ASM activities
Corresponding plasma and serum samples were available for a subset of patients and were analyzed in parallel to determine whether enzyme activities of S-ASM are equivalent. There was a strong correlation between plasma and serum activities (r = 0.763, p(Spearman) = 1.2 × 10 -13 , n = 70) indicating that both sample types can be used for this assay. Since serum samples were more complete and are often preferentially collected in studies for the applicability in enzyme linked immunosorbent assays, we chose the serum activities for further analyses. For four patients, S-ASM values were calculated from plasma activities according to the obtained linear regression curve (serum-activity = 1.095 × plasma-activity + 30.9 fmol/h/µl) due to missing serum samples. 
Statistical analysis
Results and Discussion
Demographics of the study group Male and female patients were recruited from two hospitals and from two settings: acute withdrawal versus long-term dehabituation therapy. All groups showed similar characteristics (Table 1) . Importantly, acute male and female patients were of similar age and body mass index (BMI). Significant sex-specific differences were present for the number of detoxification treatments, the duration and the amount of alcohol consumption for acute patients and the BMI for long-term patients. These demographic data correspond well to the known higher typical drinking quantities, frequencies and rates of heavy drinking episodes in men compared to women across cultures [32] . Long-term patients were of younger age compared to the acute group; female long-term patients also differed in BMI and the time since last detoxification.
Sex-specific time course of S-ASM activity during withdrawal therapy
Samples from patients during detoxification treatment were analyzed for S-ASM activity at the day of admission, at day 2 and at the end of physical withdrawal at day 7-10. These
results were compared to sober patients within a dehabituation program. In agreement with published plasma data [16] , the serum S-ASM activity decreased significantly during withdrawal therapy in males (F = 16.239, p = 0.0002) by an average of 27% of the initial value and was even lower in long-term patients (Fig. 1) . Compared to males, the initial serum S-ASM activity in female patients was significantly lower (p = 0.035, Table 1 ) and thus, during withdrawal, the decrease by 15% in total of the initial value was not significant (F = 2.030, p = 0.178). For both sexes, most of the enzyme activity decrease took place during the first two days, with a three-fold higher relative standard deviation of the day 0 to day 2 changes for females (217%) compared to males (69%, p = 0.104, see Table 1 for absolute values). It is interesting to note that enzymatic activities not only start at higher levels in alcohol dependent males, but also appear to decrease to lower levels during long-term maintenance therapy compared to females (Fig. 1 ). While this difference of 13% in long-term patients is not significant (p = 0.396), it conforms to our data from healthy young adults: around 7% higher S-ASM activity was also observed in 102 females compared to 54 males (p(ttest) = 0.218, unpublished results). The gender difference in initial S-ASM activities on day 0 may be explained by the significantly different amount of total alcohol consumed in absolute terms (330 ± 277 g in males vs. 176 ± 72 g in females) as well as with respect to the duration of alcohol drinking (26.8 ± 12.8 years vs. 17.0 ± 10.4 years, respectively, Table 1 ). However, both parameters did not significantly correlate with any S-ASM activity in both sexes (total alcohol: r = -0.224, p = 0.405 for males and r = -0.128, p = 0.691 for females; duration: r = -0.066, p = 0.807 for males and r = 0.130, p = 0.686 for females for S-ASM on day 0).
We have thus replicated our previous data for alcohol-dependent males [16] in an independent group of male patients. The presence of an increased S-ASM activity in alcohol addicts compared to healthy individuals of both sexes was moreover supported by a further decrease of enzyme activities after the end of physical withdrawal at day 7-10 of acute patient to levels in long-term patients. In addition to this confirmation, we have observed a similar trend -albeit with some remarkable different aspects -for female patients during withdrawal therapy that deserve further attention in a larger sample. Such studies should preferably include different age groups to analyze the interaction with hormonal changes For example, elevated testosterone levels in female mice chronically exposed to ethanol, and less reduction of estrogen levels during withdrawal compared to male mice, suggest an important role of altered androgen signaling in the sexually dimorphic response to alcohol abuse [33] . The sphingomyelinase/ceramide system has been linked to the action of a variety of factors including reactive oxygen species and proinflammatory cytokines. In a recent report, Lee et al. have demonstrated that treatment of murine primary cerebral endothelial cells with homocysteine induces cell death by activating the ASM/ceramide pathway [34] . Interestingly, together with the observation of hyperhomocysteinaemia in chronic alcoholics and a steady decrease of homocysteine levels during alcohol withdrawal [17, 35] , this effect of homocysteine might possibly represent one factor leading to elevated S-ASM levels in alcohol dependent patients. However, supplementation of wild type mice with betaine to prevent hyperhomocysteinaemia did not abolish alcohol-stimulated ASM activation [14] . Although abundant and regulatable sources of S-ASM including macrophages and vascular endothelial cells have been identified [36] , the origin of the increased S-ASM activity within the context of alcohol dependence remains elusive. Possible mechanisms range from transcriptional upregulation of ASM mRNA in endothelial cells to increased secretion [36] , regulation at the level of splice variants [37] or altered proteolytic degradation as a response to factors such as oxidative stress.
Correlation of S-ASM activity with BMI
Analysis of the correlation between the BMI and S-ASM activity revealed a strong negative association only for male acute patients upon all three examinations (day 0: r = -0.698, p = 0.003, day 2: r = -0.715, p = 0.002, day 7: r = -0.579, p = 0.019, Fig. 2 ). This association was absent in male long-term patients (p = 0.669). Although the indirect relationship with lower S-ASM activity for subjects with higher BMI was also present in females and was also strongest on day 2 (r = -0.580, p = 0.061), the correlation failed to become significant at any period.
Overall, these data fit well with the observed inverse correlation of plasmatic S-ASM activity with BMI in our previous group of male alcohol dependent patients [16] . Of note, in a different pathological condition, highest S-ASM activities were observed in cachectic versus non-cachectic patients suffering from chronic heart failure and S-ASM activity was also negatively correlated with BMI in these patients [38] . Interestingly, this inverse relationship between S-ASM activity and BMI seems to be connected to elevated S-ASM levels under pathological conditions and/or to higher age since we did not find this association in healthy young female (r = 0.007, p = 0.948, n = 98, age = 24.3 ± 3.3 years) and male (r = 0.086, p = 0.561, n = 48, age = 25.7 ± 3.3 years) adults (unpublished results). Similarly, no difference in serum sphingolipid concentrations was found between healthy lean and obese adolescents [39] .
Inter-correlations of ASM activities
Since serum ASM activities in both sexes generally moved towards normal levels during withdrawal, an association between the enzyme activity on day 0 with the total decrease from day 0 to day 7 could be expected. The correlation was unexpectedly strong (Fig. 3A , r = -0.758, p = 2×10 -5 ) and was present in both sexes despite the lower overall decrease in females and despite the high variation of individual levels on day 0 and day 7. With most of the change taking place during the first two days, the assumed association between the total activity change and the decrease from day 0 to day 2 was proven (Fig. 3B, r = 0 .783, p = 1×10 -5 ). In a general linear model, both parameters -the initial activity and the change to day 2 -as covariates predict 75% (corrected R²) of the variability of the total change in S-ASM activity during withdrawal therapy.
Association of S-ASM activity with psychometric data
Of all total psychometric scale scores on the day of admission, only the BDI score for males was significantly associated with the S-ASM activity on the same day and with the change of S-ASM from day 0 to day 2; in contrast, there was not even a trend for females ( Table 2 , Fig.  3C, 3D) . However, the initial ASM activity and the change of ASM activity from day 0 to day 2 proved as interesting indicators for the improvement in psychological variables. Among the eight assessed scales, changes of four scores from day 0 to day 7 were associated with ASM activities with p-values below 0.05 (Table 2 , Fig. 3 ). For OCDS, WSA and BDI, high initial S-ASM activities and stronger changes from day 0 to day 2 were associated with stronger decreases in scores. That is, there was more improvement of the patients' psychological condition in terms of less craving and withdrawal symptoms and less depression. There was only a weak significant association in females for the S-ASM change and the improvement in the GAF score. No associations were observed for two other measurements of craving: the VAS with one single item only, and the LCF with six items. Neither nicotine dependence (FTND), nor satisfaction with life (SWLS) or their changes, were associated with ASM parameters. In general, based on similar trends of S-ASM activity changes during withdrawal in males and females, all correlations with improvement in psychological scale scores were in the same direction for both sexes.
Whereas reports on associations between ASM and craving or withdrawal symptoms are missing from the literature, several studies suggest a general connection between the enzyme's activity and depression. Firstly, we have previously observed a positive correlation between L-ASM activities in peripheral blood mononuclear cells of patients with a major depressive episode and their score on the clinician-administered Hamilton Depression Rating Scale [40] . Whether this effect translates to alcohol dependent patients with considerably lower self-rated depression scores and to S-ASM levels that are not highly correlated to L-ASM activities [16] , or whether the result of the present study is an independent association of the ASM with depression requires more detailed investigation. Secondly, many commonly used antidepressant drugs such as amitriptyline and fluoxetine act as functional inhibitors of L-ASM in cell culture and mouse models [41] [42] [43] . The influence of a supplemental therapy with these drugs during alcohol withdrawal on S-/L-ASM activity and improvement in psychological variables could be analyzed in a pharmacological study. Finally, experiments in mouse models of stress-induced depression have demonstrated that the antidepressant effect of some drugs is mediated by their functional inhibition of L-ASM and consequently reduced levels of ceramide [43] . While this effect follows a delayed time course presumably required for the accumulation of the drug within lysosomes and for slow adaptive changes, it would be worthwhile to determine ceramide levels in the patients' serum samples and relate these to changes in ASM activities and scores. Although these would only represent peripheral markers, serum sphingomyelin and ceramide concentrations, for example, have been shown to serve as predictors of memory impairment in early Alzheimer's disease pathogenesis [44] .
Despite the small group size of this study, we were able to replicate our previous data on S-ASM activities in males and to extend the observed decrease of the enzyme's activity to Mühle et 
female patients during alcohol withdrawal therapy. To verify the associations of psychometric scales with ASM activities detected in our pilot study, larger groups of females and males should be analyzed in more detail taking into account separate items and subscales for craving. Due to incomplete physiological data and blood parameters as well as scarce data on treatment strategies, these parameters could not be correlated with ASM activities or changes in psychological variables. However, it would be interesting to analyze the effect of, for example, the withdrawal medication, blood alcohol and homocysteine levels on S-ASM and psychometric scores.
In conclusion, the S-ASM activity in acute alcohol dependent male and female patients and patients undergoing withdrawal therapy might serve as a biomarker and could possibly present a potential additional target for intervention with respect to drug craving therapy and relapse prevention that deserves further investigation. In a pilot study, the sensitivity of S-ASM as a marker for problematic drinking in males was similar to that of carbohydratedeficient transferrin [16] -an established biomarker of chronic alcohol consumptionparticularly indicating high-risk drinking [45] . With the smaller increase in S-ASM activity levels in acutely intoxicated female patients, the utility of this enzyme as a biomarker for drinking in females might be limited and needs to be investigated in a larger sample. The kinetics of the change in S-ASM activity and its dependence on the frequency of alcohol intake (single event versus chronic) deserves further study. Moreover, the genetic influence of common polymorphisms on the S-ASM activity [46] must be taken into account.
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